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PROGRAMMABLE MICROELECTRONIC DEVICE, STRUCTURE, AND 
SYSTEM AND METHOD OF FORMING THE SAME 

1. Field of Invention 
5 The present invention generally relates to progi-ammable microelectronic devices. 

More particularly, the invention relates to programmable microelectronic sti"uctui*es and 
devices having an electrical property that can be variably programmed by manipulating an 
amount of energy suppUed to the structure during a programming function. 

10 2. Background of the Invention 

Memory devices are often used in electronic systems and computers to store 
infomiation in the forni of binary data These memoiy devices may be chai'acterized into 
various types, each type having associated with it various advantages and' disadvantages. 

For example, random access memory ("RAM''), which may be found in personal 

1 5 computers, is typically volatile semiconductor memory; in other words, the stored data is lost 
if the power som-ce is disconnected or removed. Dynamic RAM ("DRAM") is particularly 
volatile in that it must be 'Refreshed" (i.e., recharged) every few hundi-ed milliseconds in 
order to maintain the stored data Static RAM ("SRAM") will hold the data after one writing 
so long as the power source is maintained; once the power somxe is disconnected, however, 

20 the data is lost. Thus, in these volatile memory configurations, information is only retained 
so long as the power to the system is not turned off In general, these RAM devices can take 
up significant chip area and therefore may be expensive to manufacture and consume 
relatively large amounts of energy for data storage. Accordingly, improved memory devices 
suitable for use in personal computers and the like ai*e desirable. 

25 Other storage devices such as magnetic storage devices {e.g., floppy disks, hard disks 

and magnetic tape) as well as other systems, such as optical disks, CD-RW and DVD-RW 
are non-volatile, have extremely high capacity, and can be rewritten many times. 
Unfortunately, these memory devices are physically lai'ge, are shock/vibration-sensitive, 
require expensive mechanical drives, and may consume relatively large amounts of power. 

30 These negative aspects make such memory devices non-ideal for low power portable 
applications such as lap-top and pakn-top computer, personal digital assistants ("PDAs"), 
and the like. 
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Due, at least in part, to a rapidly growing numbers of compact, low-power portable 
computer systems and hand-held appUaaces in which stored infonnation changes regularly, 
low energy read/write semiconductor memories have become increasingly desirable and 
widespread Furthermore, because these portable systems often require data storage when 
the power is tumed off, non-volatile storage device are desired for use in such systems. 

One type of programmable semiconductor non- volatile memory device suitable for 
use in such systems is a programmable read-only memory ("PROM") device. One type of 
PROM, a write-once read-many ("WORM") device, uses an array of fusible links. Once 
programmed, the WORM device cannot be reprogrammed. 

Other forms of PROM devices include erasable PROM ("EPROM") and electrically 
erasable PROM (EEPROM) devices, which are alterable after an initial progi'amming. 
EPROM devices generally require an erase step involving e^qDOsmx to ultra violet light prior 
to progi'amming the device. Thus, such devices ai'e generally not well suited for use in 
portable electronic devices. EEPROM devices ai-e generally easier to progi-am, but suffer 
from other deficiencies. In particular, EEPROM devices are relatively complex, are 
relatively difficult to manufecture, and are relatively large. Furthermore, a circuit including 
EEPROM devices must withstand the high voltages necessary to program the device. 
Consequently, EEPROM cost per bit of memory edacity is extremely high compared with 
other means of data storage. Another disadvantage of EEPROM devices is that, although 
they can retain data without having the power source connected, they require relatively large 
amounts of power to progi-anx This power drain can be considerable in a compact portable 
system powered by a batteiy. 

Various hand-held appliances such as PDAs, portable phones, and the like as well as 
other electronic systems generally include a memory device coupled to a microprocessor 
and/or microcontroller foimed on a separate substrate. For example, portable computing 
systems include a microprocessor and one or more memory chips coupled to a printed circuit 
boai*d. 

Forming memory devices and the microprocessor on separate substrates may be 
undesirable for several reasons. For example, forming various types of memory on separate 
substrate may be relatively expensive, may* require relatively long transmission paths to 
communicate between the memory devices and any associated electronic device, and may 
require a relatively large amount of room within a system Accordingly, memory stmctures 
that may be formed on the same substrate as another electronic device and methods of 
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forming the same are desii*ed. Furthermore, this memory technology desii'ably operates at a 
relatively low voltage while providing high speed memory with high storage density and a 
low manufacturing cost 

SUMMARY OF THE INVENTION 
5 The present invention provides inproved microelectronic programmable devices, 

structures, and systems and methods of forming the same. More particularly, the invention 
provides programmable structures that can be variably programmed depending on an amount 
of energy used to program the device. Such sfa'uctures can replace both traditional 
nonvolatile and volatile forms of memory and can be formed on the same substrate and/or 

1 0 overlying another microelectronic device. 

The ways in which the present invention addresses various drawbacks of now-known 
progi'ammable devices ai-e discussed in gi*eater detail below. However, in general, the 
present invention provides a programmable device that is relatively easy and inexpensive to 
manufacture, which is relatively easy to progi*am, and which can be variably programmed. 

15 In accordance with one exemplary embodiment of the present invention, a 

progi-ammable structure includes an ion conductor and at least two electi*odes. The stiiictui'e 
is configui-ed such that when a bias is applied across two electrodes, one or more electrical 
properties of the structui*e change. In accordance with one aspect of this embodiment, a 
reisistauce across the structure changes when a bias is appUed across the electrodes. In 

20 accordance with other aspects of this embodiment, a capacitance or other electrical property 
of the structui'e changes upon application of a bias acioss the electi'odes. In accordance with 
a fiuthei* aspect of this embodiment, an amount of change in the progi'ammable property is 
manipulated by altering (e.g., thermally or electrically) an amount of energy used to program 
the device. One or more of these electiical changes and/or the amount of change may 

25 suitably be detected Thus, stored information may be retrieved from a circuit including the 
structure. 

In accordance with another exemplaiy embodiment of the invention, a programmable 
sti*uctm*e includes an ion conductor, at least two electrodes, and a barrier inteiposed between 
at least a poition of one of the electrodes and the ion conductor In accordance with one 
30 aspect of this embodiment, the barriei* material includes a mateiial configured to reduce 
diffusion of ions between the ion conductor and at least one electrode. In accordance with 
another aspect, the barrier material includes an insulating or high-resistance material. In 
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accordance with yet another aspect of this embodiment, the barrier includes material that 
conducts ions, but which is relatively resistant to the conduction of electrons. 

In accordance with another exen^jlary embodiment of the invention, a programmable 
microelectronic stmctui'e is formed on a surfece of a substi'ate by fornoing a first electrode on 
5 the substrate, depositing a layer of ion conductor naaterial over the first electi'ode, and 
depositing conductive material onto the ion conductor material In accordance with one 
aspect of this embodiment, a soUd solution including the ion conductor and excess 
conductive material is formed by dissolving (e.g., via thermal and/or photodissolution) a 
portion of the conductive material in the ion conductor. In accordance with a further aspect, 

10 only a portion of the conductive material is dissolved, such that a portion of the conductive 
material remains on a surface of the ion conductor to form an electrode on a surface of the 
ion conductor material. In accordance with another aspect of this embodiment of the 
invention, a structxire including a high-resistance region is formed by dissolving a portion of 
the electrode such that a portion of the ion conductor includes a high concentration of the 

15 electrode material and another portion of the ion conductor includes a low concentration of 
the electrode material, such that the portion of the ion conductor with a low concentration of 
the electrode material forms a high resistance region within the structure. 

In accordance with another embodiment of the present invention, at least a portion of 
a programmable structure is formed within a through-hole or via in an insulating material. 

20 In accordance with one aspect of this embodiment, a first electrode feature is formed on a 
surface of a substrate, insulating material is deposited onto a surface of the electrode feature, 
a via is formed within the insulating material, and a portion of the programmable structure is 
formed within the via. After the via is formed within the insulating material, a portion of the 
structm'e within the via is formed by depositing an ion conductive material onto the 

25 conductive material, depositing a second electrode material onto the ion conductive material, 
and, if desired, removing any excess electrode, ion conductor, and/or insulating material In 
accordance with another aspect of this embodiment, only the ion conductor is formed within 
the via. In this case, a first electrode is formed below the insulating material and in contact 
with the ion conductor and the second electrode is formed above the insulating material and 

30 in contact with the ion conductor. The configuration of the via may be changed to alter (e.g., 
reduce) a contact area between one or more of the electrodes and the ion conductor. 
Reducing the cross-sectional area of the interface between the ion conductor and the 
electrode increases the efficiency of the device (change in electiical property per amount of 
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power supplied to the device). In accordance with another aspect of this embodiment, the 
via may extend through the lower electrode to reduce the interface area between the 
electrode and the ion conductor. In accordance with yet another aspect of this embodiment, 
a portion of the ion conductor may be removed from the via or the ion conductor material 
5 may be dii-ectionally deposited into only a portion of the via to further reduce an inteiface 
between an electi'ode and the ion conductor. 

In accordance with another embodiment of the invention, a programmable device 
may be foimed on a surface of a substrate. In accordance with one aspect of this 
embodiment, the substi-ate includes a microelectronic circuit. In accordance with a fuither 

10 aspect of this embodiment, the memory device is formed overlying the microelecti'onic 
circuit and conductive Unes between the microelectronic circuit and the memory aie formed 
using conductive wiring schemes within the substrate and the memory device. This 
configuration allows transmission of more bits of information per bus line. 

In accordance with a further exemplaiy embodiment of the invention, multiple bits of 

15 information ai e stored in a single programmable stiiictm-e. In accordance with one aspect of 
this embodiment, a programmable structure includes a floating electrode interposed between 
two additional electrodes. 

In accordance with yet another embodiment of the invention, multiple progi-anraiable 
devices ai-e coupled together using a common electrode (e.g., a common anode or a common 

20 cathode). 

In accordance with yet a fiirthei' exemplary embodiment of the present invention, a 
capacitance of a programmable structure is altered by causing ions within an ion conductor 
of the structure to migrate. 

In accordance with yet another embodiment of the invention, a volatility of a 

25 memoi-y cell in accordance with the present invention is manipulated by altering an amount 
of energy used during a write process for the memory. In accordance with this embodiment 
of the invention, higher energy is used to forni nonvolatile memory, while lower energy is 
used to forai volatile memory. Thus, a single memory device, formed on a single substrate, 
may include both nonvolatile and volatile portions. In accordance with a further aspect of 

30 this embodiment, the relative volatility of one or more portions of the memory may be 
altei-ed at any time by changing an amount of energy supplied to a portion of the memory 
during a write process. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
A more complete understanding of the present invention may be derived by referring 
to the detailed description and claims, considered in connection with the figures, wherein 
like reference numbers refer to similar elements throughout the figures, and: 
5 Figures 1 and 2 are CToss-sectional illustrations of a programmable stnxcture formed 

on a surfece of a substrate in accordance with the present invention; 

Figures 3-5 cross-sectional illustration of a programmable structure in accordance 
with another enibodiment of the present invention, illustrating phase-sepai'ated ion 
conductors; 

10 Figures 6-8 are current- voltage diagi-ams illustrating current and voltage 

characteristics of the devices of the present invention; 

Figures 9-13 illustrate programmable structures including barrier layers in 
accordance with exemplary embodiments of the invention; 

Figure 14 is a cross-sectional illusti'ation of a programmable structure in accordance 
1 5 with yet another embodiment of the present invention; 

Figure 15 and 16 are schematic illustrations of a portion of a memory device in 
accordance with an exemplary embodiment of the present invention; 

Figures 17 and 18 are illustrations of programmable structures having an ion 
conductor/electrode contact inteiface formed about a perimeter of the ion conductor in 
20 accordance with another embodiment of the present invention; 

Figuies 19 and 20 are illustrations of programmable structures having an ion 
conductor/electrode contact interface fonned about a perimeter of the ion conductor in 
accordance with yet another embodiment of the present invention; 

Figures 21 and 22 illustrate a programmable device having a hoiizontal configuration 
25 in accordance with the present invention; 

Figures 23-28 illustrate progi'amniable device stmctui-es with reduced electrode/ion 
conductor interface smrface area in accordance with the present invention; 

Figure 29 illustrates a programmable device with a tapei'ed ion conductor in 
accordance with the present invention; 
30 Figures 30-33 illustrate a programmable device mcluding a floating electrode in 

accordance with the present invention; and 

Figuies 34-38 illustrate common electrode programmable device sti-uctures in 
accordance with the present invention. 
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Skilled artisans will appreciate that elements in the figures are illusti'ated for 
simplicity and clarity and have not necessarily been drawn to scale. For example, the 
dimensions of some of the elements in the figures may be exaggerated relative to other 
elements to help to improve understanding of embodiments of the present invention. 

5 

DETAILED DESCRIPTION 

The present invention genei*ally relates to programmable microelectronic devices, to 
systems including the devices, and to methods of fonning the devices and systems. 

Figures 1 and 2 illusti'ate programmable microelecti-onic structures 100 and 200 
10 formed on a surface of a substrate 1 10 in accordance with an exemplary embodiment of the 
present invention. Structures 100 and 200 include electrodes 120 and 130, an ion conductor 
140, and optionally include buffer or baixier layers or regions 155 and/or 255. 

Generally, structures 100 and 200 are configured such that when a bias greater than a 
threshold voltage (Vt), discussed in more detail below, is applied across electrodes 120 and 
15 130, the electrical properties of structure 100 change. For example, in accordance with one 
embodiment of the invention, as a voltage V > Vt is apphed across electrodes 120 and 130, 
conductive ions within ion conductor 140 begin to migrate and form a region 160 having an 
increased conductivity compai-ed to the bulk ion conductor (e.g., an electrodeposit) at or neai- 
the more negative of electrodes 120 and 130. As region 160 forms, the resistance between 
20 electrodes 120 and 130 decreases, and other electrical, properties may also change. In the 
absence of any bairiers, which ai'e discussed in more detail below, the threshold voltage 
requii-ed to grow region 160 fi-om one electrode towaid the other and thereby significantly 
reduce the resistance of the device is approximately the reduction/oxidation potential of the 
system, typically a few hundixd millivolts. If the same voltage is applied in reverse, region 
25 160 will dissolve back into the ion conductor and the device will retum to a high resistance 
state. 

Structures 100 and 200 may be used to store information and thus may be used in 
memory circuits. For example, structure 100 or other programjnable sti'uctures in 
accordance with the present invention may suitably be used in memory devices to replace 
30 DRAM, SRAM, PROM, EPROM, BEPROM devices, or any combination of such memoiy. 
In addition, progi-ammable stmctures of the present invention may be used for other 
appUcations where programming or changing of electiical properties of a portion of an 
electrical circuit ai'e desired. 
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In accordance with various embodiments of the invention, the volatility of 
programmiable memory (e.g., ceD 100 or 200) can be manipulated by altering an amount of 
energy (e.g., altering time, cmrent, voltage, thermal energy, and/or the like) applied during a 
write process. In the case where region 160 fomis during a write process, the greater the 
5 amount of energy (having a voltage greater than the threshold voltage for the write process) 
^pUed during the write process, the greater the gi'owth of region 160 and hence the less 
volatile the memory. Conversely, relatively volatile easily erased memory can be formed by 
supplying relatively little energy to the cell. Thus, relatively volatile memory can be formed 
using the same or similar structures used to form nonvolatile memory, and less energy can 

10 be used to form the volatile/easily erased memory. Use of less energy is particularly 
desii-able in portable electronic devices that depend on stored energy for operation. The 
volatile and nonvolatile memory may be formed on the same substrate and partitioned or 
separated from each other such that each partition is dedicated to either volatile or 
nonvolatile memory; or, an array of memoi7 cells may be configured as volatile or 

1 5 nonvolatile memory using programnoing techniques, such that the configuration (ie., volatile 
or nonvolatile) of the memory can be altered by changing an amount of energy supplied 
during programming the respective portions of the memory airay. 

Referring again to Figures 1 and 2, substrate 110 may include any suitable material. 
For exairple, substrate 110 may include semiconductive, conductive, semiinsulative, 

20 insulative material, or any combination of such materials. In accordance with one 
embodiment of the invention, substrate 1 10 includes an msulating material 1 12 and a portion 
114 including a microelecti'onic devices formed using a portion of the substrate. Layer 112 
and portion 114 may be separated by additional layers (not shown) such as, for example, 
layers typically used to forai integrated cii'cuits. Because the progi-amnoable structuies can 

25 be formed over insulating or other materials, the programmable stinxctures of the present 
invention are particularly well suited for applications where substrate (e.g., semiconductor 
material) space is a premium. In addition, forming a memory cell overlying a 
microelecti-onic device nfiay be advantageous because such a configuration allows greater 
data ti-ansfer between an array of memory cells and the microelectronic device using, for 

30 example, conductive plugs formed within layers 1 12 and 150. 

Electrodes 120 and 130 may be formed of any suitable conductive material. For 
example, elecfrodes 120 and 130 may be formed of doped polysilicon material or metal 
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In accordance with one exemplary embodiment of the invention, one of electrodes 
120 and 130 is formed of a material including a metal that dissolves in ion conductor 140 

when a sufficient bias (V ^ Vt) is applied across the electrodes (an oxidizable electrode) 

and the otiher electrode is relatively inert and does not dissolve during operation of the 
5 programmable device (an indifferent electrode). For exan^le, electrode 120 may be an 
anode duiing a write process and be comprised of a material including silver that dissolves in 
ion conductor 140 and electrode 130 may be a cathode during the write process and be 
comprised of an inert material such as tungsten, nickel, molybdenum, platinum, metal 
silicides, and the like. Having at least one electrode foimed of a material including a metal 

10 which dissolves in ion conductor 140 facilitates maintaining a desii*ed dissolved metal 
concentration within ion conductor 140, which in turn facilitates rapid and stable region 160 
formation within ion conductor 140 or other electrical property change during use of 
structure 100 and/or 200. Furthermore, use of an inert material for the other electi*ode 
(cathode during a write operation) facilitates electi^odissolution of any region 160 that may 

15 have formed and/or return of the progranmiable device to an erased state after application of 
a sufiBcient voltage. 

During an erase operation, dissolution of any region 160 that may have formed 
preferably begins at or near the oxidizable electrode/region 160 interface. Initial dissolution 
of the region 160 at the oxidizable electrode/region 160 interface may be facilitated by 

20 forming stmctm*e 100 such that the resistance at the oxidizable electrode/region 160 interface 
is gi'eater than the resistance at any other point along region 160, particularly, the interface 
between region 160 and the indifferent electrode. 

One way to achieve relatively low resistance at the indifferent electrode is to foim the 
electrode of relatively inert, non-oxidizing material such as platinum. Use of such material 

25 reduces formation of oxides at the inteiface between ion conductor 140 and the indifferent 
electrode as well as the formation of compounds or naixtures of the electrode material and 
ion conductor 140 material, which typically have a higher resistance than ion conductor 140 
or the electrode material. 

Relatively low resistance at the indifferent electrode may also be obtained by 

30 forming a barrier layer between the oxidizable electrode (anode during a write operation) 
and the ion conductor, wherein the barrier layer is formed of material having a relatively 
high resistance. Exemplai7 high resistance materials are discussed in more detail below. 
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Reliable growth and dissolution of region 160 caa also be facilitated by providing a 
roughened indifferent electrode surface (e.g., a root mean square roughness of gi^eater than 
about 1 nm) at the electrode/ion conductor interface. The roughened suiface may be formed 
by manipulating film deposition parameters and/or by etching a portion of one of the 
5 electrode or ion conductor surfaces. During a write operation, relatively high electrical 
fields form about the spikes or peaks of the roughened surface, and thus regions 160 are 
more likely to form about the spikes or peaks. As a result, more reliable and uniform 
changes in electrical properties for an appUed voltage across electrodes 120 and 130 may be 
obtained by providing a roughed interface between the indifferent electrode (cathode during 

10 a write operation) and ion conductor 140. 

Oxidizable electfode material may have a tendency to theimally dissolve or diffuse 
into ion conductor 140, particulai'ly during fabrication and/or operation of structui'e 100. 
The thermal dijSusion is undesii'ed because it may reduce the resistance of structure 100 and 
thus reduce the change of an electrical property during use of structure 100. 

15 To reduce undesired diffusion of oxidizable electrode material into ion conductor 140 

and in accordance with another embodiment of the invention, the oxidizable electrode 
includes a metal intercalated in a transition metal sulfide or selenide material such as 
Ax(MB2)i.x, where A is Ag or Cu, B is S or Se, M is a transition metal such as Ta, V, and Ti, 
and X ranges from about 0.1 to about 0.7. The intercalated material mitigates undesired 

20 thermal diffusion of the metal (Ag or Cu) into the ion conductor material, while allowing the 
metal to paiticipate in region 160 giowth upon apphcation of a sufficient voltage across 
electrodes 120 and 130. For example, when silver is intercalated into a TaS2 film, the TaSa 
film can include up to about 67 atomic percent silver. The Ax(MB2)i.x material is preferably 
amoi-phous to prevent undesired diffusion of the metal though the material. The amoiphous 

25 material may be formed by, for example, physical vapor deposition of a tai'get material 
comprising Ax(MB2)i-x. 

a-AgI is another suitable material for the oxidizable electrode. Similar to the 
Ax(MB2)i.x material discussed above, a-AgI can serve as a source of Ag during operation of 
stnicture 100 — e.g., upon apphcation of a sufficient bias, but the silver in the Agl material 

30 does not readily thermally diffuse into ion conductor 140. Agl has a relatively low 
activation energy for conduction of electricity and does not require doping to achieve 
relatively high conductivity. When the oxidizable electrode is formed of Agl, depletion of 
silver in the Agl layer may arise during operation of structuie 100, unless excess silver is 

10 
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provided to the electrode. One way to provide the excess silver is to form a silver layer 
adjacent the Agl layer. When inteiposed between a layer of silver and ion conductor 140, 
the Agl layer reduces thermal diffusion of Ag into ion conductor 140, but does not 
significantly affect conduction of Ag during operation of stiixcture 100. In addition, use of 
5 Agl increases the operational efficiency of structure 100 because the Agl mitigates non- 
Faradaic conduction (conduction of electi-ons that do not participate in the electi'ochemical 
reaction). 

In accordance with one embodiment of the invention, at least one electrode 120 and 
130 is formed of material suitable for use as an interconnect metal. For example, electrode 

10 130 may form part of an interconnect stiiicture within a semiconductor integi-ated circuit. In 
accordance with one aspect of this embodiment, electrode 130 is formed of a material that is 
substantially insoluble in material comprising ion conductor 140. Exen:q)lary materials 
suitable for both interconnect and electrode 130 material include metals and compoimds 
such as tungsten, nickel, molybdenum, platinum, metal siUcides, and the like. 

15 As noted above, programmable structures of the present invention may include one 

or more baixier or buffer layers 155, 255 inteiposed between at least a portion of ion 
conductor 140 and one of the electrodes 120, 130. Layers 155, 255 may include ion 

conductors such as AgxO, AgxS, AgxSe, AgxTe, where x ^ 2, Agyl, where x ^ 1, Cul2, 

CuO, CuS, CuSe, CuTe, GcOj, Ge^Si-z, GezSei.z, GezTei.z, AszSi-z, AszSei-z, AszTei.z, where 
20 z is greater than or equal to about 0.1, SiOx, and combinations of these materials) inteiposed 
between ion conductor 140 and a metal layer such as silver. 

Other materials suitable for buffer layers 155 and/or 255 include Ge02. Amoiphous 
Ge02 is relatively porous an will "soak up" silver duiing operation of device 100, but will 
retard the thermal diffusion of silver to ion conductor 140, compai-ed to structures or devices 
25 that do not include a buffer layer. When ion conductor 140 includes germanium, GeOa may 
be formed by exposing ion conductor 140 to an oxidizing environment at a tenq)erature of 
about 300 °C to about 800 °C or by exposing ion conductor 140 to an oxidizing environment 
in the presence of radiation having an energy gi'eater than the band gap of the ion conductor 
material. The Ge02 may also be deposited using physical vapor deposition (from a Ge02 
30 target) or chemical vapor deposition (from GeHj and an O2). 

Buffer layers can also be used to increase the off resistance and "write voltage" by 
placing a high-i-esistance buffer layer (e.g., Ge02, SiOx, air, a vacuum, or the hke) between 
ion conductor 140 and the indifferent electrode. In this case, the high-resistance buffer 
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mateiial allows metal such as silvei- to diffuse though or plate across the buffer and take part 
in the electrochemical reaction. 

When the barrier layer between the indifferent electrode and the ion conductor 
includes a high resistance naaterial, the barrier may include ions that contribute to 
5 electrodeposit gi'owth or the barrier may be devoid of ions. In either case, the barrier must 
be able to transmit electrons, by conduction or tunneling, such that the redox reaction occurs, 
allowing for region 160 growth. 

In some cases, an electrodeposit may fonri within the high-resistance barrier layer. 
Exemplary high-resistance barrier layei^s that support electrodeposit gi'owth include gas- 
10 filled or vacuum gap regions, porous oxide films, of other high-resistance glassy materials, 
and semiconductor material as long as the barrier is thin enough to allow electron tunneling 
fi'om the cathode to the ion conductor at reasonable voltages (e.g., less than or equal to about 
1 volt), can support electron transport, and can allow ions to be reduced within the barrier 
material volume. 

15 Layers 155 and/or 255 may also include a material that restiicts migration of ions 

between conductor 140 and the electrodes. In accordance with exemplary embodiments of 
the invention, a barrier layer includes conducting material such as titanium nitiide, titaniimi 
tungsten, a combination thereof, or the like. The bairier may be electrically indifferent, le., 
it allows conduction of electrons thi*ough sti*ucture 100 or 200, but it does not itself 

20 contiibute ions to conduction through structure 200. An electiically indifferent bairier may 
reduce undesired electrodeposit growth during operation of the progi'ammable device, and 
thus may facilitate an "erase" or dissolution of region 160 when a bias is applied which is 
opposite to that used to grow region 160. In addition, use of a conducting banier allows for 
tlie "indifferent" electrode to be formed of oxidizable material because the barrier prevents 

25 diffusion of the electrode material to the ion conductor. 

Ion conductor 140 is formed of material that conducts ions upon application of a 
sufficient voltage. Suitable materials for ion conductor 140 include glasses and 
semiconductor materials. In one exemplaiy embodiment of the invention, ion conductor 140 
is formed of chalcogenide material, 

30 Ion conductor 140 may also suitably include dissolved conductive material. For 

example, ion conductor 140 may con5)rise a soUd solution that includes dissolved metals 
and/or metal ions. In accordance with one exemplary embodiment of the invention, 
conductor 140 includes metal and/or metal ions dissolved in chalcogenide glass. An 
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exemplary chalcogerdde glass with dissolved metal in accordance with the present invention 
includes a solid solution of AsxSi-x-Ag, AsxSei-x-Ag, AsxTei-x-Ag, GexSei.x-Ag, GcxSux-Ag, 
GexTei-x-Ag, ASxSi-x-Cu, AsxSei.x-Cu, AsxTei.x-Cu, GexSei.x-Cu, GexSi-x^Cu, and GcxTei-x- 
Cu where x ranges from about 0.1 to about 0.5, other chalcogerdde materials including 
5 silver, copper, combinations of these materials, and the Kke. In addition, conductor 140 may 
include network modifiers that affect mobility of ions through conductor 140. For example, 
materials such as metals (eg., silver), halogens, halides, or hydrogen may be added to 

conductor 140 to enhance ion niobility and thus increase erase/write speeds of the structure. 

Furthermore, as discussed in more detail below, ion conductor 140 may include a plurality of 
10 regions having diffei-ent resistance values--for example, ion conductor 140 may include a 
fiist region proximate the oxidizable electrode having a relatively low resistance and a 
second region proximate the indifferent electrode having a relatively high resistance. 

To increase the thermal stability of ion conductor, doped oxides and/or oxide-doped 
chalcogenides are used as ion conductor 140. Exemplary oxide dopants for chalcogenide 
15 materials include oxygen, Ge02, AS2O3, Ag20, Cu(i,2)0, and Si02 and exemplary oxides 
suitable for doping include silver or copper doped Ge02, AS2O3, Ag20, Cu(i,2)0, and SiOx- 
In the case of doped oxides, ion conductor 140 is preferably less than about 10 nm thick. 

Ion conductor 140 may also include a fiUei- material, which fills interstices or voids. 
Suitable filler materials include non-oxidizable and non-silver based materials such as a non- 
20 conducting, immiscible siHcon oxide and^or silicon nitride, having a cross-sectional 
dimension of less than about 1 nm, which do not contribute to the growth of region 160. In 
this case, the filler material is present in the ion conductor at a volume percent of up to about 
5 percent to reduce a Ukelihood that a region 160 will spontaneously dissolve into the 
supporting ternary material as the device is exposed to elevated temperature, which leads to 
25 more stable device operation without compromising the perfoimance of the device. Ion 
conductor 140 may also include filler material to reduce an effective cross-sectional ai-ea of 
the ion conductor. In this case, the concentration of the filler material, which may be the 
same filler material described above but having a cross-sectional dimension up to about 50 
nm, is present in the ion conductor material at a concentration of up to about 50 percent by 
30 volume. 

In accoi-dance with one exemplary embodiment of the invention, ion conductor 140 
includes a gemianium-selenide glass with silver diffused in the glass. Germanium selenide 
materials are typically formed from selenium and Ge(Se)4/2 tetrahedi'a that may combine in a 
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variety of ways. In a Se-rich region, Ge is 4-fold coordinated and Se is 2- fold coordinated, 
which means that a glass coirposition near Geo.2oSeo,8o will have a mean coordination 
number of about 2.4. Glass with this coordination number is considered by constraint 
counting theory to be optimally constrained and hence very stable with respect to 
5 devitrification. The network in such a glass is known to self-organize and become stress- 
free, making it easy for any additive, e.g., silver, to finely disperse and fonn a mixed-glass 
solid solution. Accordingly, in accordance with one embodiment of the invention, ion 
conductor 140 includes a glass having a composition of Gedj7Sed.^ 

When conductive material such as metal is added to an ion conductor material, 

10 phase-separated regions of the metal-doped ion conductor may form. In this case, a 
macroscopic view of the doped ion conductor may appear glassy even though small, phases- 
separated regions are formed. 

Figures 3-5 illustrate portions of progranmiable stmctures, which include phase- 
separated ion conductor material, in accordance with various embodiments of the present 

1 5 invention. Figure 3 illustrates a phase-separated ion conductor region 302, including a high- 
resistance portion 304 and low-resistance portions 306. By way of particular example, when 
ion conductor 302 includes silver doped GcxSei-x, where x preferably ranges from about 0. 17 
to about 0.3 and more preferably has a value of about 0.17 to about 0.25, ion conductor 
separates into a first phase 304 of Ge-Se (e.g., Ge2Se3) and a second phase 306 of Ag2Se, 

20 which is much more conductive that Ge-Se portion 304. Phase-separated ion conductor 302 
has an overall resistivity of about 100 ohm-cm and is stable at room tennperature. 

It is thought that phase-separated ion conductors facilitate large off resistance and 
high switching speed of programmable devices such as device 100. The reason for this is 
that the metal ions from the soluble electrode will migrate within region 304 to bridge low- 

25 resistance regions 306. Reduction of metal ions preferentially occurs in high-resistance 
regions 304 because the local field is highest in this area of ion conductor 302. This process 
is relatively fast because a typical gap between low-resistance portions is on the order of 
about 1 nm or less. 

Other exemplary materials suitable for phase-separated ion-conductor material 
30 include silver and/or coppei-doped germanium chalcogenides (e.g., sulfides and tellurides) 
and mbctures of these compounds, silver and/or copper-doped arsenic chalcogenides (e.g., 
selenides, sulfides, and tellurides) and mixtmes of these compounds. Other exemplary 
phase-separate ion conductors include AgaSe dispersed within Agl or within an ion 
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conductive polymer such as poly(ethylene oxide) and additional exemplai7 low-resistance 
material suitable for portion 304 include SiOx, Ge02, and AgiO. It should be noted, 
however, that any ion conductor material that includes a low-resistance phase dispersed 
within a low-resistance phase will function in accordance with the present invention as 
5 described herein. 

Figure 4 illustrates a stinctui'e 400, including a phase-separated ion conductor 402. 
Ion conductor 402 includes high-resistance portions 404 and low-resistance portions 406. 
Portions 404 and 406 may be fonried of coitesponding high-resistance and low-restetance ' 
material described above in connection with portions 304 and 306. Structtu'e 400 may be 

10 formed by sequentially depositing high-resitivity material and low-resistance material. 
Although illustrated with only two high-resistance portions and two low-resistance portions, 
structures in accordance with the present invention may include any desired number of low 
and high-resistivity portions. 

Similar to the operation of stmctui'e 300, the operation speed of sti-uctmx 400 is 

15 primai'ily limited by the change of resistance of high-resistance portions 404. Accordingly, 
operational speed of structures 400 can be manipulated by altering a thickness of layer(s) 
404. 

Figure 5 illustrates another stmctui'e 500, which includes phase sepai'ated ion 
conductor material 502. Structure 500 is similar to sti'uctures 300 and 400, except tliat 
20 structure 500 includes particles 508, including a high-resistance poition 504 and a low- 
resistance portion 506, which may be formed of low and high-resistance matdials described 
herein. 

Referring again to Figures 1 and 2, in accordance with one exemplary embodiment of 
the invention, at least a portion of st'ucture 100 is foimed within a via of an insulating 

25 material 150. Foniiing a portion of structure 100 within a via of an insulating material 150 
may be desirable because, among other reasons, such formation allows relatively small 
structui*es, e.g., on the order of 10 nanometers, to be formed. In addition, insulating material 
150 facilitates isolating various sti'uctui-es 100 from other electiical components. 

Insulating material 150 suitably includes material that prevents undesired diffusion of 

30 elections and/or ions from structure 100. In accordance with one embodiment of the 
invention, material 150 includes silicon nitride, silicon oxynitride, polymeric materials such 
as polyimide or parylene, or any combination thereof 
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A contact 165 may suitably be electrically coupled to one or more electrodes 120, 
130 to facilitate forming electiical contact to the respective electrode. Contact 165 may be 
formed of any conductive material and is preferably formed of a metal, alloy, or composition 
including aluminum, tungsten, or copper. 
5 In accordance with one embodiment of the invention, structure ICQ is formed by 

forming electrode 130 on substrate 110. Electi'ode 130 may be formed using any suitable 
method such as, for example, depositing a layer of electrode 130 material, patterning the 
" electrode material, and etching the niaterial to form electrode 130. Insulating layer 150 may 
be formed by depositing insulating matCTial onto electrode 130 and substi-ate 110 and 

10 forming vias in the insulating material using appropriate patterning and etching processes. 
Ion conductor 140 and electrode 120 may then be formed within insulating layer 150 by 
depositing ion conductor 140 material and electrode 120 material within the via. Such ion 
conductor and electrode material deposition may be selective - Le., the material is 
substantially deposited only within the via, or the deposition processes may be relatively 

15 non-selective. If one or more non-selective deposition methods are used, any excess 
material remaining on a smface of insulating layer 150 may be removed using, for example, 
chemical mechanical poUshing and/or etching techniques. Banier layers 155 and/or 255 
may similarly be formed using any suitable deposition and/or etch processes. 

A soUd solution suitable for use as ion conductor 140 may be formed in a variety of 

20 ways. For example, the solid solution may be formed by depositing a layer of conductive 
material such as metal over a chalcogenide glass and exposing the metal and glass to thermal 
and/or photo dissolution processing. In accordance with one exemplary embodiment of the 
invention, a soHd solution of As2S3-Ag is foraied by depositing AS2S3 onto a substrate, 
depositing a thin film of Ag onto the AS2S3,, and exposing the films to Ught having energy 

25 gi eater than the optical gap of the As2S3,-^-^-, light having a wavelength of less than about 
500 nanometers. If desii'ed, network modifiers may be added to conductor 140 during 
deposition of conductor 140 (e.g., the modifier is in the deposited material or present during 
conductor 140 material deposition) or after conductor 140 material is deposited (e.g,, by 
exposing conductor 140 to an atmosphere including the network modifier). 

30 In accordance with another embodiment of the invention, a solid solution may be 

formed by depositing one of the constituents fi^om a soxirce onto a substrate or another 
material layer and reacting the first constituent with a second constituent. For example, 
germanium (preferably amorphous) may be deposited onto a portion of a substrate and the 
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germanium may be reacted with H2Se to form a Ge-Se glass. Similaiiy, As can be deposited 
and reacted with the HaSe gas, or arsenic or germanium can be deposited and reacted with 
H2S gas. Silver or other metal can then be added to the glass as described above. 

When used, oxides may be added to the ion conductor material by adding an oxide to 
5 a melt used to foim a chalcogenide ion conductor source. For example, Ge02, AS2O3, Ag20, 
Cu(i^)0, and Si02, can be added to GcxSi-x, AsxSi-x, GcxSei.x, AsxSei-x, GexTei.x, AsxTej.x to 
fonn an oxide-chalcogenide glass including up to several tens of atomic percent oxygen. 
The'terriary or quaternary glass can then be used to deposit a fihn of similar composition on 
the device substrate by physical vapor deposition or similar technique. Alternatively, the 

10 oxygen-containing film may be formed in-situ using reactive deposition techniques in which 
the chalcogenide material is deposited in a reactive oxygen ambient to form an ion conductor 
including up to several tens of atomic percent of bound oxygen. Conductive material such 
as silver or copper can be incorporated into the source glass melt or introduced into the 
deposited film by thermal or photo-dissolution as discussed above. 

15 Similai'ly, metal doped oxides may be deposited fi'om a synthesized source which 

contains all the necessary elements in the correct proportions (e.g., AgxO (x>2), CuxO (x>2), 
Ag/Cu-Ge02, Ag/Cu-As203, or Ag/Cu-Si02) or the silver or copper may be introduced into 
the binary oxide fihn (Ag20, Cu(i^)0, Ge02, AS2O3, or Si02) by thermal- or photo- 
dissolution firom a thin surface layer of the metal. Alternatively, a base layer of Ag, Cu, Ge, 

20 As, or Si may be deposited first and then reacted with oxygen to form the appropriate oxide 
and then diffused with Ag or Cu as discussed above. The oxygen reaction could be purely 
thermal or plasma-assisted, the latter producing a more porous oxide. 

One of the electi'odes may be foimed during ion conductor 140 doping by depositing 
sufficient metal onto an ion conductor material and applying sufficient electrical or thermal 

25 energy to the layers such that a portion of the metal is dissolved within the ion conductor 
material and a portion of the metal remains on a surface of the ion conductor to form an 
electrode (e.g., electrode 120). Regions of differing conductivity within ion conductor 140 
can be formed using this technique by applying a sufficient amoxint of energy to the structui'e 
such that a first portion of the ion conductor proximate the soluble electi'ode contains a 

30 gi-eater amount of conductive material than a second portion of the ion conductor proximate 
the indifferent electrode. This process is self limitmg if ion starting ion conductor layer is 
thick enough so that a portion of the film becomes saturated and a portion of the film is 
imsaturated. 
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In accordance with alternative embodiments of the invention, solid solutions 
containing dissolved metals may be directly deposited onto substrate 110 and the electrode 
then foraied overlying the ion conductor. For example, a source including both 
chalcogenide glass and conductive material can be xxsed to form ion conductor 140 using 
5 physical vapor deposition or similar techniques. 

An amount of conductive material such as metal dissolved in an ion conducting 
material such as chalcogenide may depend on several factore such as an amount of metal 
available for dissolution and an amount of energy applied during the dissolution process. ~ " 
However, when a sufiEicient amount of metal and energy are available for dissolution in 

10 chalcogenide material using photodissolution, the dissolution process is thought to be self 
limiting, substantially halting when the metal cations have been reduced to theii* lowest 
oxidation state. In the case of As2S3-Ag, this occurs at Ag4As2S3 = 2Ag2S + AsaS, having a 
silver concentration of about 44 atomic peixent. If, on the other hand, the metal is dissolved 
in the chalcogenide material using thennal dissolution, a higher atomic percentage of metal 

15 in the solid solution may be obtained, provided a sufficient amount of metal is available for 
dissolution. 

In accordance with a fiuther embodiment of the invention, the solid solution is 
foimed by photodissolution to form a macrohomogeneous temary compound and additional 
metal is added to the solution using thermal diffusion (e.g., in an inert environment at a 

20 temperature of about 85 °C to about 150 ®C) to form a solid solution containing, for 
example, about 30 to about 50, and preferably about 34 atomic percent silver. Ion 
conductors having a metal concentration above the photodissolution solubility level 
facilitates foimation of regions 160 that are themially stable at operating temperatures 
(typically about 85 °C to about 150 ^C) of devices 100 and 200. Alternatively, the solid 

25 solution may be formed by thermally dissolving the metal into the ion conductor at the 
temperature noted above; however, sohd solutions foimed exclusively from photodissolution 
are thought to be less homogeneous than films having similar metal concentrations formed 
using photodissolution and thermal dissolution. 

Information may be stored using programmable stmctui'es of the present invention by 

30 manipulating one or more electrical properties of the structures. For example, a resistance of 
a stmcture may be changed from a "0" or off state to a "1" or on state during a suitable wite 
operation. Similarly, the device may be changed fi-om a "1" state to a "0" state during an 
erase operation. In addition, as discussed in more detail below, the structure may have 
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multiple programmable states such that multiple bits of information are stored in a single 
structure. 

WraXE OPERATION 

5 Figui'e 6 illustrates current-voltage characteristics of a programmable structui'e (e.g. 

stiiicture 200) in accordance with the present invention. In the illustrated embodiment, via 
diameter, D, is about 4 microns, conductor 140 is about 35 nanometers thick and formed of 
GeaSey-Ag (near AggGeaSe?), electrode 130 is indifferent and fomied'Df nickel, electrode 
120 is formed of silver, and bairier 255 is a native nickel oxide. As illusU'ated in Figure 6, 

10 current thi-ough stmcture 200 in an off state (cui-ve 610) begins to rise upon application of a 
bias of over about one volt; however, once a write step has been performed (i.e., an 
electrodeposit has formed), the resistance through conductor 140 di'ops significantly (i.e., to 
about 200 ohms), illustrated by curve 620 in Figure 6. As noted above, when electrode 130 
is coupled to a more negative end of a voltage supply, compared to electrode 120, a 

15 conductive region begins to foim near electrode 130 and grow toward electrode 120. An 
effective threshold voltage (/.e., voltage required to cause growth of the conductive region 
and to break through barrier 255, thereby couphng elect'odes 120, 130 together) is relatively 

high because of barrier 255. In particulai", a voltage Vj must be applied to structure 200 

sufficient to cause electfons to tunnel thi'ough barrier 255 (when barrier 255 comprises an 
20 insulating layer) to fomi the conductive region and to overcome the barrier (e.g., by 
tunneling thi*ough or leakage) and conduct thi'ough conductor 140 and at least a portion of 
banier 255. 

In accordance with alternate embodiments of the invention, where no insolating 
banier layer is present, an initial "write" threshold voltage is relatively low because no 
25 insulative barrier is formed between, for example, ion conductor 140 and either of the 
electi-odes 120, 130. 

As noted above, the relative volatility of the memory structures of the present 
invention may be altered by applying different amounts of energy to the stiiictui-es during a 
write process. For example, a relatively high current pulse of a few hundi'ed microamperes 
30 for a period of about several hundred nanoseconds may be applied to the structures 
illusti'ated in Figures' 1 and 2 to foim a relatively nonvolatile memoiy cell Alternatively, the 
same cmrent may be supplied to the same or similar memory structure for a shorter amount 
of time, e.g., several nanoseconds to foim a relatively volatile memory structure. In either 
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case, the memory of the present invention can be programmed at relatively high speeds and 
even the "volatile" memory is relatively nonvolatile compared to traditional DRAM. For 
examplcy the volatile memory may operate at speed comparable to DRAM and only require 
refreshing eveiy several hours. 

5 

READ OPERATION 

A state of a memory cell 1 or 0) may be read, without significantly disturbing 
the stat^, by, foi: cxaxaplt, applying a forward or reverse bias of magnitude less than a 
voltage thi-eshold (about 1.4 V for a structure illustrated in Figui e 6) for electrodeposition or 

10 by using a cuixent limit which is less than or equal to the minimum programming cuirent 
(the cuiTent which will produce the highest of the on resistance values). A cunent limited 
(to about 1 nailhamp) read operation is illustrated in Figm'e 6. In this case, the voltage is 
swept from 0 to about 2 V and the cun*ent rises up to the set limit (from 0 to 0.2 V), 
indicating a low resistance (ohmic/linear current-voltage) "on" state. Another way of 

15 performing a non-disturb read operation is to apply a pulse, with a relatively short duration, 
which may have a voltage higher than the electrochemical deposition threshold voltage such 
that no ^preciable Faradaic current flows, Le,, neai'ly all the cuixent goes to 
polai'izing/charging the device and not into the electrodeposition process. 

In accordance with various embodiments of the invention, circuits including the 

20 programmable structures include temperature compensation devices to mitigate effects of 
temperature variation on the performance of the programmable device. One exen^laiy 
temperature compensation circuit includes a progi^ammable structure having a known erased 
state. In this case, during a read operation, a progixssively increasing voltage is applied to a 
programmable structure having an xmknown state as well as to the structui'e having the 

25 known erased state. If the unknown structure has been mitten to, it will switch on before the 
known erased device and if the unknown stmcture is in an erased state, the two devices will 
switch on at approximately the same time. Alternatively, a temperature compensation circuit 
can be used to produce a compai'ison voltage or current to be compared to a voltage or 
current produced by a progi-ammable structure of an unknown state duiing a read process. 

30 

ERASE OPERATION 

A progi'ammable structure (e.g., stiiicture 200) may suitably be erased by reversing a 
bias applied during a write operation, wherein a magnitude of the applied bias is equal to or 
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greater than the threshold voltage for electrodeposition in the reverse direction. In 
accordance with an exemplary embodiment of the invention, a sufficient erase voltage 
(V^Vt) is applied to structure 200 for a period of time, which depends on energy suppUed 

during the write operation, but is typically less than about 1 millisecond to return structure 
5 200 to its "off state having a resistance well in excess of a milUon ohms. In cases where the 
programmable structure does not include a barriei- between conductor 140 and electi'ode 120, 
a threshold voltage for erasing the sti'ucture is much lower than a threshold voltage for 
wiitiug the structm*e because, unlike the write operation, the erase operation does not requii'e 
electron tunnehng thi'ough a banker or banier breakdown. 

10 

CONTROL OF OPERATIONAL PARAMETERS 

The concentration of conductive material in the ion conductor can be controlled by 
applying a bias across the programmable device. For example, metal such as silver may be 
taken out of solution by applying a negative voltage in excess of the reduction potential of 

15 the conductive material. Conversely, conductive material may be added to the ion conductor 
(from one of the electrodes) by applying a bias in excess of the oxidation potential of the 
material Thus, for example, if the conductive material concentration is above that desired 
for a paiticular device application, the concenti'ation can be reduced by reverse biasing the 
device to reduce the concenti*ation of the conductive material. Similarly, metal may be 

20 added to the solution from the oxidizable electrode by applying a sufficient forwai'd bias. 
Additionally, it is possible to remove excess metal build up at the indifferent electrode by 
applying a reverse bias for an extended time or an extended bias over that requii'ed to erase 
the device under normal operating conditions. Control of the conductive material may be 
accomplished automatically using a suitable microprocessor 

25 With particular reference to Figures 3-5, a partial write or a paitial erase caused by a 

foi-ward or reverse progi'amming pulse of insufficient duration and/or cun-ent to introduce 
enough silver to significantly reduce the resistance of the high-resistance regions will cause 
additional silver to migi*ate fi'om the soluble electrode the high-resistance portions. The 
conductivity and activation energy in these zones are altered by this excess silver even 

30 though the device will appeal* to be in a high resistance state. The change in activation 
energy results in higher ion mobility and hence this partial preprogi*amming results in much 
faster switching than in a device which had been fully written or erased, which in turn allows 
appropriately scaled devices to operate at SRAM speeds (in the nanosecond or less range). 
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In addition, in a written device that has "faded" due to thermal diffusion of the 
electrodeposited material away from the low resistance pathway, the local excess silver will 
still promote a lower activation energy but in this case, there is also sufScient silver present 
that the voltage required to reform the conducting link will be lower than in the case of a 
5 normal write. The "reclosure" voltage will be several tens of mV lower than the redox 
potential of the system since the silver required to close the link is already in the material 
and does not have to be released from the oxidizable electrode. This means that a siniple 
"read" operation involving a short pulse below the redox^ potential will be sufiBcient to 
regenerate a faded on-state in the device but will be insufficient to distm'b a device that has 

10 been fiilly erased (and hence does not have the excess silver). This will allow faded hghtly 
written (low programming cuiTent) states to be automatically regenerated by the read 
operation, thereby extending the effective retention of the devices. 

This technique may also be used to form one of the electrodes fi'om material within 
the ion conductor material. For example, silver fi-om the ion conductor may be plated out to 

15 form the oxidizable electrode. This allows the oxidizable electrode to be formed after the 
device is fully formed and thus mitigates problems associated with conductive material 
diffusing from the oxidizable electrode during manufacturing of the device. 

The threshold voltage of programmable devices may be manipulated in accordance 
with various embodiments of the present invention. Manipulation of the thi-eshold voltage 

20 allows configuration of the programmable devices for desired read and write voltages. In 
general, as noted above, the threshold voltage depends on, among other things, an amount of 
conductive material present in the ion conductor and/or any barrier. 

One way to manipulate the electrodeposition thi'eshold voltage is to manipulate the 
conductive material dispersed within the ion conductor material. Another technique for 

25 manipulating the tbi*eshold voltage is to alter an amount of oxidizable material at or neai* the 
indifferent electrode. In this case, the oxidizable metal at the cathode can be altered by first 
forming an electrodeposit at or neai* the indifferent electrode and then applying a reverse bias 
sufficient to dissolve a portion of the electi'odeposit The threshold voltage generally goes 
down as the amount of oxidizable metal at the cathode goes up. For example, in the case 

30 where the ion conductor is GecsSeo.? and the soluble electrode is silver, the threshold voltage 
for electrodeposit formation is about 310 ±10 mV for no predeposited silver to about 90 ± 10 
mV for a silver saturated electrode. Alternatively, a write process may be used to form a 
desired electi'odeposit at or near the cathode. This electrochemical control of the threshold 
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voltage can be used to heal or regenerate an electrodeposit that has been thermally or 
electrochemically damaged or redistributed. As an example of how this would work, 
consider the following: 

1. An electrodeposit can be formed in or on the electrolyte using a write voltage 
5 that is determined by the Ag concentration near the cathode, e.g., 0.32 V for a silver depleted 

cathode region. 

2. A read voltage below the write voltage may be used to determine the state of 
the device without disturbing an off device. ^ 

3. The electrodeposit is subsequently "damaged" by thermal diffusion (e.g., 
10 excessive external device heating) so that the electrodeposit is no longer continuous or 

localized. 

4. The Ag concentration near the cathode will still be higher than in the case of 
an unwritten or completely erased device as the silver cannot diffuse against the diffusion 
gi'adient. 

15 5. The increased cathodic silver results in a reduction of the re-write voltage, 

e.g., below the read voltage which is chosen not to disturb an off state but to be high enough 
to "regenerate" most failed electrodeposits. 

Therefore, a read operation can be used to automatically re-electi*odeposit the silver 
and regenerate the data state stored in the device via the electrodeposited material. This will 

20 ensure that the programmable structures effectively retain data for extended periods of time. 

Another technique for manipulating threshold voltage is by fomring a layer of 
material between the indifferent electrode and the ion conductor layer, wherein the layer of 
material is capable of conducting ions and forming an electrodeposit and has a lower 
concentration of oxidizable material than the ion conductor. Exemplai7 materials suitable 

25 for this layer include undoped or lightly doped chalcogenide materials such as Ge-S or Ge- 
Se and a variety of other undoped or lightly doped ion conductor materials that have a low 
solubility level for the oxidizable material. The material layer between the indifferent 
electrode and the ion conductor reduces oxidizable material build up neat the indifferent 
electrode duiing processing and operation of tlie programmable structure, 

30 . An exan^le of a write operation on a device which includes a silver saturated sulfur- 

rich Ge-S starting glass and a layer of relatively low silver content, less than 10 nm thick, 
between the indiffei-ent electrode and the saturated ion conductor is illustrated in Figui'e 7 
(cmrent vs. voltage for a 1 jiA programming current) and Figure 8 (resistance vs. voltage for 
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a 1 pA prograinming current). In the illustrated case, the write voltage Ues ai'ound 320 mV. 
Note that this layer could be deposited separately from the Ag-rich electrolyte or can be 
formed, as described above, by stopping the photodifiusion before the oxidazable metal 
penetrates the entire film thickness. 

5 To mitigate undesired diffusion of an electrodeposit formed during a write process, it 

may be desired to saturate the ion conductor with conductive material during a write process, 
such that tlie resistance of the structure does not substantially change due to diffusion of 
conductive material. In the case where the ion" conductor compiises germanium selenide 
doped with silver and the electrodeposit is foimed from silver, the approximate minimum 

10 "satui-ation" programming current to maintain electrodeposition until the electrolyte has a 
uniform silver concentration and con-esponding resistance as a function of electrolyte ai'ea is 
given below for a 10 nm thick silver-doped germanium selenide solid electrolyte. 



Area fnm/nm^) Saturation cun-ent (uA) Resistance (kP) 
15 1 0.3 1,000 

10 3 100 

100 30 10 

1000 300 1 

10,000 3,000 0.1 

20 

Figures 9-10 illusti-ate additional structures, which aie configured to mitigate any 
unwanted diffusion of conductive material within an ion conductor, in accordance with 
further exemplary embodiments of the present invention. In general, the structui'es 
illustrated in Figures 9-10 include a relatively narrow ion conductor (compared to the height 
25 of the ion conductor) surrounded by a material which is less ion conductive than the ion 
conductor. 

Structui-e 900 includes a first electrode 902, an insulating layer 904, a diffusion 
barrier 906, an ion conductor 908 and a second electrode 910. Electrodes 902 and 910, 
insulating layer 904, and ion conductor 908 may be formed of the coixesponding materials 
30 and using the same techniques described above in connection with Figures 1 and 2. The 
baniers may be configuied such that only one "column" of ion conductor material spans 
between the electrodes or the structures may include a plui'ality of ion conductor columns 
that span between the electrodes. In the latter case, the electrodeposition may only occur in 
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one of the columns if the cuiTent is appropriately limited. In either case, because the column 
diameter is relatively small (e.g., less than about 50 nm) the cuirent required to saturate the 
region is also relatively small (e.g., about 30 [lA). 

Diffusion hairier 906 can be formed by confoiinally depositing a barrier material 
5 1002 such as silicon nitride or any of the barrier materials discussed above in connection 
with layer 155 and 255 and illustrated in Figure 10 and removing a portion of the barrier 
material (e.g., using an anisotropic etch) to form barrier 906 illusti'ated in Figure 9. Ion 
conductor 908 can then be formed using deposition and etch or damascene techniqUes. 

Another technique for forming diffusion barriers is illustrated in Figures 11 and 12. 

10 In this case, porous baixier material 1 102 is fornied on a surface of a substrate 1 104 and ion 
conductor material is formed in the porous regions of bairier material 1102. Alternatively, 
porous material 1 102 can be used as an etch mask to etch ion conductor material (using an 
anisotropic etch) to form columns of ion conductor material. Spaces between to columns are 
then filled with appropriate baiiier maters such as silicon nitiide. Electrodes may be fonned 

15 about one or more columns of ion conductor material as described herein to form 
programmable devices of the present invention. 

Figure 13 illustrates yet another structure 1300 suitable for forming diffusion- 
resistant progi'anraiable sti'uctures. Structure 1300 includes a first electrode 1302, a second 
electrode 1304, an ion conductor 1306, and a material layer 1308 that favors electrodeposit 

20 growth substantially in only one dii*ection. Electrodes 1302 and 1304 and ion conductor 
1306 may be formed of any of the coiresponding electrodes and ion conductors desciibed 
herein. Suitable exenq)lary materials for material layer 1308 include thin (e.g. a few nm) 
amorphous fibns of oxides and nitrides (e.g., Si02, Ge02, Si3N4) and semiconductors (Si, 
Ge) and polyciystalline fihns of oxides, nitides, and semiconductors. In accordance with 

25 one aspect of this embodiment of the invention, layer 1308 is fomied between ion conductor 
1306 and the indifferent electrode. 

As noted above, in accordance with yet another embodiment of the invention, 
multiple bits of data may be stored within a single programmable structure by controlling a 
size of region 160 which is formed during a write process. A size of region 160 that forms 

30 during a write process depends on a number of coulombs or charge supplied to the structure 
during the write process, and may be conti'olled by using a current limit power source. In 
this case, a resistance of a programmable structure is governed by Equation 1, where Ron is 
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the "on" state resistance, Vt is the threshold voltage for electi'odeposition , and Ilim is the 
maximum current allowed to flow during the write operation. 

Vt 

Ron ~ 

5 . Equation 1 . . . 

In practice, the limitation to the amount of information stored in each cell will 
depend on how stable each of the resistance states is with time. For exannple, if a structure 
with a programmed resistance range of about 3.5 kQ, and a resistance drift over a specified 

1 0 time for each state is about ±250 f2, about 7 equally sized bands of resistance (7 states) could 
be formed, allowing 3 bits of data to be stored within a single structure. In the limit, for near 
zero drift in resistance in a specified time limit, information could be stored as a continuum 
of states, i.e., in analog form. 

A portion of an integiated circuit 1402, including a programmable structuie 1400, 

15 configured to provide additional isolation from electronic components is illustrated in Figure 
14. Structure 1400 includes electrodes 1420 and 1430, an ion conductor 1440, a contact 
1460, and an amorphous silicon diode 1470, such as a Schottky or p-n junction diode, 
formed between contact 1460 and electrode 1420. Rows and columns of programmable 
structures 1400 may be fabricated into a high density configuration to provide extiemely 

20 large storage densities suitable for memory circuits. In general, the maximum storage 
density of memory devices is limited by the size and complexity of the column and row 
decoder ciixuitry. However, a programmable stmctuie storage stack can be suitably 
fabricated overlying an integrated circuit with the entire semiconductor chip area dedicated 
to row/colunm decode, sense ampUfiers, and data management cii'cuitry (not shown) since 

25 structure 1400 need not use any substi-ate real estate. In this manner, storage densities of 
many gigabits per square centimeter can be attained using programmable sti^uctures of the 
present invention. Utilized in this manner; the programmable structure is essentially an 
additive technology that adds capability and functionality to existing semiconductor 
integrated circuit technology. 
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Figure 15 schematically illustrates a portion of a memory device including structure 
1400 haying an isolating p-n junction 1470 at an intersection of a bit Une 1510 and a word 
hne 1520 of a memory circuit. Figure 16 illustrates an alternative isolation scheme 
employing a transistor 1610 inteiposed between an electrode and a contact of a 
5 programmable structure located at an intersection of a bit line 1610 and a word line 1620 of 
a memory device. 

Figures 17-20 illusti*ate pi'ogrammable devices in accordance with another 
embodiment of the invention. The devices illustrated in Figures 17-20 have an electi'ode 
(e.g., the cathode during a write process) with a smaller cross sectional area in contact with 

10 the ion conductor compared to the devices illustrated in Figures 1 and 2. The smaller 
electrode interface area is thought to increase the efficiency and endurance of the device 
because an increased percentage of ions in the soUd solution are able to take part in regions 
160 formation process. Thus any cathode plating from ions that do not participate in region 
160 formation process is reduced. 

15 Figures 17 and 18 illustrate a ctoss sectional and a top cut-away view of a 

progi'ammable device 1700 including an indifferent electrode 1710, an oxidizable electrode 
1720, and an ion conductor 1730 formed overlying an insulating layer 1740 such as silicon 
oxide, silicon nitride, or the Uke. 

Structui'e 1700 is formed by depositing an indifferent electrode mat^ial layer and an 

20 insulating layer 1750 overlying insulating layer 1740. A via is then formed through layer 
1750 and electrode material layer 1710, using an anisotropic etch process (e.g., reactive ion 
etching or ion milling) such that the via extends to and^or through a portion of layer 1740. 
The via is then filled with ion conductor material and is suitably doped to form a solid 
solution as described herein. Any excess ion conductor material is removed from the surface 

25 of layer 1750 and electi'ode 1730 is formed using, for example, a deposition and etch 
process. In this case, the indifferent electrode area in contact with ion conductor 1730 is the 
surface ai'ea of electi'ode 1710 about the perimeter of conductor 1730, rather than the ai'ea 
underlying the ion conductor, as illustiated in Figm*es 1 and 2. 

Figures 19 and 20 illustrate a programmable device 1900 having an indifferent 

30 electi'ode 1910, an.oxidizable electi'ode 1920, an ion conductor 1930 and msulating layers 
1940 and 1950 in accordance with yet another embodiment of the invention. Structure 1900 
is similai* to structure 1700, except that once a via is formed through layer 1950, an isotropic 
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etch process (e.g., chemical or plasma) is en^loyed to forai the via through electrode 1910, 
such that a sloped intersection between an ion conductor 1930 and electi-ode 1910 is foraied. 

Figures 21 and 22 illustrate another programmable device 2100, with a reduced 
electrode/ion conductor interface, in accordance with the present invention. Structm*e 2100 
5 includes electrodes 2110 and 2120 and an ion conductor 2130, formed on a surfece of an 
insulating material 2140, rather than within a via as discussed above. In this case, the 
programmable structure is formed by defining an ion conductor 2130 pattern on a surface of 
insulating material 2140 (e.g., using deposition and etch techniques) and foiming electrodes 
21 10 and 2120, such that the electrodes each contact a portion of the ion conductor. In the 

10 case of the illustrated embodiment, the electrodes ai^e formed overlying and in contact with 
both a portion of the ion conductor and the insulating material. Although the thickness of 
the layers may be varied in accordance with specific applications of the device, in a preferred 
embodiment of the invention, the thickness of the ion conductor and electrode films is about 
1 nm to about 100 nm. Sub-lithographic lateral dimensions of portions of the device may be 

15 obtained by overexposing photoresist used to pattern the portions and/or over etching the 
film layer. 

Figures 23-26 illustrate another embodiment of the invention, where the cross 
sectional area of the ion conductor/electrode interfece is relatively small. Structui-e 2300, 
illustrated in Figure 23, includes electrodes 2310 and 2320 and an ion conductor 2330. 

20 Structure 2300 is formed in a manner similar to structure 1700, except that the ion conductor 
material is deposited conformally, using, for example, chemical vapor deposition or physical 
vapor deposition, into a trench, and the trench is not filled with the ion conductor material. 

Structure 2400 is similar to structure 2300, except that an ion conductor 2430 is 
formed by etching a portion of ion conductor 2330, such tliat a via 2440 is formed thi'ough to 

25 electrode 2310. Structui*e 2500 is similai* to stmcture 2400 and is formed by conformally 
depositing the ion conductor material as described above and then removing the ion 
conductor mateiial firom a surface of insulating material 2350 prior to depositing electrode 
2320 material. Finally, stiiicture 2600 may be formed by selectively deposing the ion 
conductor 2630 material into only a portion of the trench formed in insulating material 2350 

30 (e.g., using angled deposition and/or shadowing techniques), removing any excess ion 
conductor material on the surface of insulator 2350, and forming an electrode 2620 
overlying the insulator and in contact with ion conductor 2630, 
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Figures 27 and 28 illustrate yet another embodiment of the invention, where a pillar 
or wall within a trench is used to reduce a cross-sectional area of the interface between the 
ion conductor and one or more electrodes. Structui*e 2700, illustrated in Figure 27, includes 
electrodes 2710 and 2720 and an ion conductor 2730 formed within an insulating layer 2740. 
5 In addition, structui-e 2700 includes a pillar 2750 of insulating material (e.g., insulating 
material used to form layer 2740). Stiucture 2700 may be formed using the shadowed 
deposition technique discussed above. Sti'ucture 2800 is similar to structure 2700 except 
structure 2800 includes a partial pillar 2850 and an ion conductor 2830, which fills the 
remaining portion of the formed trench. 

10 Figure 29 illustrates yet another structure 2900 in accordance with the present 

invention. Structure 2900 includes electrodes 2910 and 2920 and an ion conductor 2930 
fonned within an insulating layer 2940, Structure 2900 is formed using an anisotropic or a 
combination of an anisotropic and an isotropic etch processes to form a tapered via. Ion 
conductor 2930 is then foiined within the trench using techniques previously described. 

15 Figui'es 30-33 illustrate programmable devices in accordance with yet another 

embodiment of the invention. The structures illustrated in Figui-es 30-33 include a floating 
electi'ode, which facilitates storage of multiple bits of information within a single 
programmable device. 

Structure 3000 includes a fii-st electrode 3010, a second, floating electi"ode 3020, a 

20 third electrode 3030, ion conductor portions 3040 and 3050, which may all be formed on a 
substi'ate or wholly or partially formed within a via as described above. Although stiTicture 
3000 is illustrated in a vertical configui'ation, the structui'e may be formed in a horizontal 
configuration. In accordance with one aspect of this embodiment, the fii'st and thii*d 
electi'odes ai*e foimed of an indifferent electrode material and the second electrode is formed 

25 of an oxidizable electrode material. Alternatively, the first and thii'd electrodes may be 
formed of oxidizable electi'ode material and the second, floating electrode may be formed of 
an indifferent electrode material. In either case, the structure includes two **half cells," 
where each half cell functions as a progi*ammable device described above in connection with 
Figure 1. Each half cell is preferably configured such that the resistance of one half cell 

30 differs fi'om the resistance of the other half cell when both cells are in an erased state. 

In the case when floating electrode 3020 is formed of oxidizable electrode material, 
bits of data may be stored as follows. The overall impedance of structure 3000 is 
approximately equal to the resistance of portions 3040 and 3050. When no electrodeposit is 
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foimed within either portion, this high resistance state may be represented by the state 00. 
When a voltage is applied to stmcture 3000, such that electrode 3030 is positive relative to 
electrode 3010 and the apphed bias is greater than the threshold voltage required to form an 
electrodeposit in portion 3040, an electrodeposit 3060 will form through conductor portion 
5 3040 from electrode 3010 toward floating electrode 3020 as illustrated in Figure 3 1 . Under 
this condition, an electrodeposit will not form withm conductor portion 3050 because poition 
3050 is under a reverse bias condition and thus will not support growth of an electrodeposit. 
The giowth of the electrodeposit will change the impedance of portion 3040 from Zi to Zi\ 
thus changing the overall impedance of structure 3000, which may be represented by the 

10 state 01 . The current level used to fomi electrodeposit 3060 should be selected such that it is 
sufficiently low, allowing the electrodeposit to be dissolved upon application of a sufficient 
reverse bias. A third state may be formed by reversing the polarity of the applied bias across 
electrodes 3010 and 3030, such that most of the voltage drop occurs across the high 
resistance ion conductor portion 3050 and formation of an electrodeposit 3070 begins, as 

15 illustrated in Figure 32, without causing electrodeposit 3060 to dissolve. The inq)edance of 
portion 3050 changes from Zj to Z2', and the overall impedance of stracture 3000 is Zi' plus 
Za\ which may be represented by the state 11. Once both half cells are in the write state, 
electrodeposit 3060 and/or 3070 may be dissolved by applying a sufficient bias across one or 
both of the half cells. Electrodeposit 3070 can be erased, for exaii5)le, by sufficiently 

20 negatively biasing electrode 3030 with respect to electrode 3010, which may be represented 
by a state 00. The four possible states, along with the current limit used to form the state, are 
represented in table 1 below. 



Seq^ 


Polarity 


CuTOntipimijy^ 








1 


Sub-threshold 


Zero 


Zi 


Z2 


00 


2 


Upper + Lower - 


Low 


zr 


Z2 


01 


3 


Upper - Lower + 


Low 


Zi' 


Z2' 


11 


4 


Upper - Lower + 


High 


Zi 


Z2* 


10 



25 Table 1 
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Structure 3000 can be changed to 11 from state 10 by applying a low current limit 
bias to grow electrodeposit 3050 in portion 3040. Similarly, structure 3000 can be changed 
from state 11 to state 01 by dissolving electrodeposit 3070 by applying a relatively high 
cuiTent limit bias such that upper electrode 3030 is positive with respect to lower electrode 
5 3010. Finally, structure 3000 can be returned to state 00 using a short current pulse to 
thermally dissolve electrodeposit 3060, using a cuixent which is high enough to cause 
localized heating of the electrodeposit. This will increase the metal concentration in the 
half-cell but this excess metal can be removed electrically from the cell by plating it back 
onto the floating electi'ode. This sequence is summarized in table 2 below. 

10 





iijP^raifity';:.; ■ ^:i;:iL-!;-;: 






i^ZiMcisill;';;: 




4 


Existing state 




Zi 


Z2' 


10 


5 


Upper + Lower - 


Low 


Zi' 


Z2' 


11 


6 


Upper + Lower - 


ffigh 


Zi' 


Z2 


01 


7 


Upper + Lower - 


Thermal 


Zi 


Z2 


00 



Table 2 



Other write and erase sequences are also possible (as are other definitions of the 
15 various states represented by the half-cell impedances). For example, it is possible to go 
from state 00 to either state 01 or state 10, depending on the wiite polarity chosen. 
Similarly, it is possible to go from state 1 1 to either state 10 or state 01 . It is also possible to 
go from state 1 1 to state 00 by the application of a cun'ent pulse (in either direction) which is 
high and short enough to tliermally dissolve the electrodeposits in both half-cells 
20 simultaneously. 

In addition to storing infoimation in digital fonii, structure 3000 can also be used as a 
noise-tolerant, low energy anti-fiise element for use in field programmable gate airays 
(FPGAs) and field configurable circuits and systems. Most physical anti-fuse technologies 
requii'e large cun ents and voltages to make a permanent connection. The need for such high 
25 energy state-switching stimuU is generally considered to be somewhat beneficial as this 
reduces the likelihood of the anti-fiise accidentally forming a connection in electrically noisy 
situations. However, the use of high voltages and large currents on chip represent a 
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significant problem as all con^^onents in the programming circuits ai*e typically sized 
accordingly and the high energy consumption reduces battery life in portable systems. 

Figures 34-38 illustrate structures in accordance with another embodiment of the 
invention in which multiple programmable devices include a common electrode (e.g., the 
5 devices share a common anode or cathode). Forming structures in which multiple structures 
share a common electrode is advantageous because such structxires allow a higher density of 
cells to be formed on a given substrate surface area. 

Figures 34 and 35 illustrate a stiiicture 3400, having a horizontal configuration and a 
common electrode. Structure 3400 includes an electrical connector 3410 coupled to a 

10 common smface electrode 3420, electiodes 3430 and 3440, and ion conductor portions 3450 
and 3460 overlying an insulating layer 3470. Structure 3400 may be used to form word and 
bit lines as desci'ibed above by forming a row of electrodes (e.g., anodes) coupled to 
conductor 3410, and columns of oppositely bias electrodes (e.g., cathodes) running 
perpendicular to electi-odes 3420. A conductive plug, formed of any suitably conducting 

15 material, can be used to electrically couple electrode 3420 to conductor 3410. Although 
illustrated with a horizontal configui-ation, common electrode structures in accordance with 
this embodiment naay be formed using structures having a vertical configui*ation as described 
hereia 

Figures 36 and 37 illustrate additional structures 3600 and 3700 having a common 
20 electrode shared between two or more devices. Structures 3600 and 3700 include a common 
electrode, electrodes 3620 and 3625, ion conductors 3630, 3635 and 3730, 3735 
respectively, and insulating layers 3640 and 3650. Structures 3600 and 3700 may be formed 
using techniques described above in connection with Figui'es 24 and 25 — e.g., by 
conformally depositing ion conductor material within a trench of an insulating layer. In 
25 accordance with another embodiment of the invention, directional deposition may be used to 
fonn a structure similar to stmcture 2600. Stmctures 3600 and 3700 each include two 
programmable devices including common electrode 3610, an ion conductor (e.g., conductor 
3635), and another elecfrode (e.g., electrode 3625). Dielectric material 3650 is an insulating 
material that does not interfere with sui face electrodeposit gi'owth, such as silicon oxides, 
30 silicon nitrides, and the like. 

Figure 38 illustrates a structui'e 3800 including multiple progi'ammable devices 3802- 
3816 formed about a common electrode 3820. Each of the devices 3802-3816 may be 
formed using the method described above in connection with Figure 30. In the embodiment 
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illustrated in Figure 38, each of electrodes 3830-3836 and 3838-3844 may be coupled 
together in a direction perpendicular to the direction of common electrode 3820, such that 
electrode 3820 forms a bit line and electrodes 3830-3836 and electrodes 3838-3844 foim 
word lines. Stmcture 3800 may operate and be programmed in a manner similar to structure 
5 3000 described above. 

In accordance with other embodiments of the presait invention, a programmable 
structure or device stores information by storing a charge as opposed to growing an 
electrodeposit. A capacitance of a structure or device is altered by applying a bias across 
electrodes of the device such that positively charged ions migrate toward one of the 
^10 electrodes. If the applied bias is less that a write thi-eshold voltage, no short will form 
between the electrodes. Capacitance of the structure changes as a result of the ion ntugration. 
When the applied bias is removed, the metal ions tend to diffuse away fi*om the electrode or 
a baiTier proximate the electrode. However, an interface between an ion conductor and a 
barrier is generally imperfect and includes defects capable of ti'apping ions. Thus, at least a 
15 portion of ions remain at or proximate an interface between a baiTier and an ion conductor. 
If a write voltage is reversed, the ions may suitably be dispersed away from the interface. 

A programmable structure in accordance with the present invention may be used in 
many applications which would otherwise utilize traditional technologies such as BEPROM, 
FLASH or DRAM. Advantages provided by the present invention over present memory 
20 techniques include, among other things, lower production cost and the ability to use flexible 
fabrication techniques which ai'e easily adaptable to a variety of applications. The 
progi-ammable structures of the present invention are especially advantageous in applications 
where cost is the primary concern, such as smart cai'ds and electronic inventoiy tags. Also, 
an ability to forai the memory directly on a plastic card is a major advantage in these 
25 appUcations as this is generally not possible with other forms of semiconductor memories. 

Further, in accordance with the progi'ammable structures of the present invention, 
memory elements may be scaled to less than a few square microns in size, the active portion 
of the device being less than on micron. This provides a significant advantage over 
traditional semiconductor technologies in which each device and its associated interconnect 
30 can take up several tens of squai'e microns. 

Programmable structures and devices and system including the programmable 
structures described herein are advantageous because the programmable structures requii'e 
relatively little internal voltage to perform write and erase functions, require relatively little 
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cun-ent to perform the write and erase functions, are relatively fast (both write and read 
operations), require little to no refresh (even for "volatile" memory applications), can be 
fonned in high-density arrays, are relatively inexpensive to manufactui*e, are robust and 
shock resistant, and do not require a monocrystalline staiting material and can therefore be 

5 added to other electi-onic circuitry. 

Although the present invention is set forth herein in the context of the appended 
drawing figures, it should be appreciated that the invention is not limited to the specific form 
shown. For example, while the programmable structure is conveniently described above in 
connection with programmable memory devices, the invention is not so limited; the structure 

10 of the present invention may additionally or alternatively be employed as programmable 
active or passive devices within a microelectronic circuit. Furthermore, although only some 
of the devices are illustrated as including buffer, barrier, or tiansistor components, any of 
these components may be added to the devices of the present invention. Various other 
modifications, variations, and enhancements in the design and aiTangement of the method 

15 and apparatus set forth herein, may be made without depaiting from the spirit and scope of 
the pi'esent invention as set forth in the appended claims. 
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I claim: 



5 1 . A microelecti'onic progi-ammable structui'e comprising: 

an ion conductor comprising oxygen and conductive material; 
an oxidizable electrode proximate the ion conductor; and 
an indifferent electrode proximate the ion conductor. 



10 2. The microelectronic programmable structure of claim 1, wherein the ion 

conductor further comprises a material selected from the group consisting of sulfui', 
selenium, and telluriunt 

3. The microelectronic progi'ammable structure of claim 1, wherein the ion 
15 conductor comprises an oxide material selected from the group consisting of Ge02, AS2O3, 

Ag20, Cu(i,2)0, and Si02. 

4. The mia*oelectronic programmable structure of claim 1, wherein the ion 
conductor comprises a material selected from the group consisting of GexSi.x, AsxSi-x, 

20 GexSei-x, AsxSei.x, GcxTei.x, and AsxTei-x. 

5. The microelectronic progi'ammable sti'ucture of claim 1, wherein the 
conductive material con[5)rises a material selected from the gioup consisting of silver and 
copper. 

25 

6. The niicroelectronic programmable structure of claim 1, faither comprising a 
barrier layer between the oxidizable electrode and the indifferent electrode. 

7. A microelectionic programmable structure corrq)rising: 

30 an ion conductor comprising a first region having a first resistance and a 

second region having a second resistance, wherein the &st resistance and the second 
resistance differ; 

an oxidizable electrode proximate the ion conductor, and 
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an indifferent electi'ode proximate the ion conductor. 

8. The microelectronic programmable structure of claim 7, wherein the first 
region comprises a conductive material and the second region comprises a chalcogenide 
S material. 

9 The microelectronic programmable structure of claim 7, wherein the first 
region conq)rises a conductive material and the second region comprises an oxide material. 

10 10 The microelectronic programmable structure of claim 7, wherein the first 

region comprises a conductive material and the second region comprises a polymeric 
material. 

11. The microelectronic programmable structure of claim 7, wherein the first 
1 5 region comprises a material selected from the group consisting of Ag2S, Ag2Se, and Ag2Te. 

12. The microelectronic programmable structui'e of claim 7, wherein the second 
region compiises a material selected from the group consisting of GexSei.x, GcxSi-x, GexTei- 
X, AsxSei.x> AsxSi.x, AsxTei.x, SiOx, GeOx, and Ag20. 

20 

13. The microelectronic programmable structure of claim 7, wherein the first 
region is dispei-sed within the second region. 

14. The microelectronic programmable structure of claim 7, wherein the first 
25 region and the second region form adjacent layers of the stmcture. 

15. The mici'oelectronic programmable structure of claim 7, wherein the second 
region is formed about a perimeter of the first region. 

30 16. A method of programming a microelectronic device, the method comprising 

the steps of: 

providing a programmable stmcture comprising an ion conductor and a 
conductive material dispersed within the ion conductor, and 
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applying a pulse of energy across the ion conductor, the pulse of energy 
having a voltage greater than the reduction/oxidation potential of the stmcture, wherein the 
energy is lower than the amount of energy required to perfonn a permanent write or erase 
operation, 

17. The method of claim 16, further comprising a read operation, whei'ein an 
amount of energy supplied to the stracture during the read opei'ation is sufficient to restore a 
write state of the structure. 

18. A method of alteiing a read/write threshold potential of a programmable 
structure, the method comprising the steps of 

providing a programmable structure comprising an ion conductor and a 
conductive material dispersed within the ion conductor; and 

altering an amount of conductive material dispersed within the ion conductor. 

19. The method of claim 18, wherein the altering step includes supplying a 
sufficient bias across the ion conductor to alter an amoimt of conductive material within the 
ion conductor. 

20. A naicroelectronic progi*ammable stnicture con5)rising: 
an ion conductor; 

an oxidizable electi'ode proximate the ion conductor; 

an indifferent electrode proximate the ion conductor; and 
a resistive banier between the indifferent electrode and the ion conductor. 

21. The microelectronic progi'ammable stmcture of claim .20, wherein the 
resistive barrier comprises conductive material. 

22. The microelectronic progi'ammable structure of claim 20, wherein the 
30 resistive hairier comprises a material selected fi'om the gi'oup consisting of a gas- filled 

region, a vacuum, a porous oxide film, and a chalcogenide material. 
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23. The irdcroelectronic programmable structui*e of claim 20, wherein the 
resistive banier comprises ion conductor material. 

24. A method of reading information stored in a programomable device, the 
method comprising the steps of 

providing a programmable device with an unknown state; 

applying a voltage across the programmable device; 
producing a ten5)eratui-e compensation signal; 

detecting a current passing thi ough the progi-ammable device; and 

conpai'ing the temperature conqpensation signal to the cuiTent to deteiinine 
the state of the device. 



.03032392A2J.> 
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3) and mixtures or these, ana uu as a suosuiuie lor ag i 
y low resistivity dispersed phase in a continuous or nea 
ase, the combination of which is capable of supporting i 
same effect. For example, AgaSe dispersed in Agl or ir 
1 as poly(ethylene oxide) can also be used. The high rc 
aterial which Is not usually considered to be a "good" ioi 
s Si02, Ge02, or AgaO, as long as the thickness of this 
conducting regions is small (less than 1 nm or so). SucI 
i of supporting ion transport under high local field. The • 
{presentation of a generalized phase-separated electrol; 
juration. 
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lightly doped starting glass (Ge-S or Ge-Se) or a variety of other silver-lean materials, 
including those glasses which have an inherently low silver solubility. This layer will 
separate the silver rich electrolyte fronn the cathode and will help to reduce silver build- 
up near the electrode during processing and device operation. In this way, the write 
threshold will be maximized and maintained. /An example of a write operation on a 
PMCm device which utilizes a silver saturated sulfur-rich Ge-S starting glass is shown 
below (current vs. voltage and resistance vis, voltage for a 1 |iA programming current). 
A layer of relatively low silver content, less than 10 nm thick, has been left between the 
cathode and the Ag-saturated electrolyte so that the write voltage lies around 320 mV. 
Note that this layer could be deposited separately from the Ag-rich electrolyte or can be 
formed, as it was in the case below, by stopping the silver (photo)diffusion before the 
metal penetrates the entire film thickness. 
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